Abbreviations: E: embryonic day, FA: fetal asphyxia, P: postnatal day, SPA: severe perinatal asphyxia
ABSTRACT
We aimed to develop a model of fetal hypoxiaischemia (HI) preconditioning that reflects the pathophysiological conditions of perinatal asphyxia more closely than the existing neonatal stroke models. Fetal asphyxia (FA) was induced by clamping the uterine vasculature on embryonic day E17. At birth (P0), severe perinatal asphyxia (SPA) was induced during cesarean section. At P4, carotid arteries were studied in a wire myograph and at P8 brains were analyzed for apoptotic cell death in the prefrontal cortex and striatum. The contraction induced by K+ was significantly reduced in the carotid arteries from the SPA group and endothelium-dependent relaxation (mediated by acetylcholine) was augmented in the FA group. These changes in vascular responsiveness were not present in the animals exposed to both insults (FA + SPA). Additionally, FA+SPA animals showed lower numbers of apoptotic cells compared to SPA animals in both the prefrontal cortex and striatum. Exposure to a global fetal asphyctic insult seems to protect against the vascular alterations and the increase of apoptosis in striatum and prefrontal cortex induced by severe asphyxia at birth.
INTRODUCTION
Developmental asphyxia is a major cause of neonatal mortality and morbidity, which is frequently associated with long-term motor, behavioral and cognitive deficits in survivors (1-6). Although our understanding has increased considerably during the last decade, there is still a lack of effective therapeutic strategies against asphyctic brain damage. Interestingly, brief episodes of hypoxiaischemia (HI) in the brain can provoke an endogenous neuroprotection against subsequent more severe episodes. This phenomenon is called "hypoxic-ischemic preconditioning" or "hypoxic-ischemic tolerance". Little is known about the exact mechanisms underlying this phenomenon. A better understanding of these mechanisms of neuroprotection can offer interesting targets for the development of new therapeutic approaches.
Currently, various animal models are being used to study HI preconditioning in the brain. Most studies have used adult stroke models, combining different types of artery occlusion (i.e. common carotid artery and middle cerebral artery) and exposure to low oxygen concentrations (7) (8) (9) (10) . There are, however, fewer models to study preconditioning in the immature brain. Gidday et al. reported that exposure of 7-day-old pups to 8% oxygen induced a robust neuroprotection against a stroke (combination of FiO2 of 8% and carotid occlusion) one day later (11) . Another model used is based on clamping of the uterine circulation at embryonic day 17 (E17) followed stroke at postnatal day 7 (P7) (12) . Therefore, almost all recent preconditioning models in the immature brain aim to influence or modulate the effects of a neonatal stroke (i.e. focal insult). Focal insults, however, differ from the more relevant clinical situation at birth because they lack multiorgan injury, which is present in most infants with moderate or severe post-asphyctic encephalopathy and which may also influence the neurological outcome.
In the present study our aim was to develop a new model of fetal HI preconditioning by combining two global asphyctic insults which will reflect better the pathological conditions of asphyxia induced in a very early stage of brain development. For this purpose, the uterine vasculature of pregnant rats was clamped for 30 minutes on E17. On P0, the uterine horns still containing the fetuses were placed in a water bath to induce a second perinatal asphyctic insult. On P4 the reactivity of isolated carotid arteries was studied in a wire myograph. On P8, brains were analyzed for apoptotic cell death in the prefrontal cortex and striatum, using a terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling (TUNEL) staining. We hypothesize that fetal asphyxia (FA) may alter carotid artery responses and/or the brain damage induced by severe perinatal asphyxia group (SPA) in the rat.
MATERIALS AND METHODS
All experiments were approved by Animal Ethics Board of Maastricht University on animal welfare according to Dutch governmental regulations. SpragueDawley rats, obtained form Charles River (Maastricht, The Netherlands), were kept under standard laboratory conditions with food and water given ad libitum, 21±2˚C environment temperature, a 12h light/dark schedule (lights on at 07:00 h) and background noise provided by radio. Exclusively male offspring were used within this study, because both morphological and behavioral evidence show a differential vulnerability to a birth insult in males versus females. A greater impact is seen in the male gender, probably due to the protecting role of the circulating estrogens in females (13, 14) .
Animal model
The new preconditioning model is a combination of two previously well described models. The first one is a model for FA, used as a preconditioning stimulus, on E17, by completely clamping the uterine and ovarian arteries with removable clamps for 30 minutes. A second hit, SPA, was induced on E21/22 by submersing the uterine horns still containing the fetuses in a water bath, precisely calibrated at 37ºC, for exactly 19 minutes (starting from cutting off the blood circulation of the uterus to the moment the pups were taken from the water bath) (12, 15) . The uterine horns were dissected quickly and the pups were removed, cleaned with medical swipes and stimulated manually to breathe to aid recovery within a pediatric incubator (37ºC, 60-80% humidity, normal gas values). Pups of all conditions were left to recover for approximately 60 minutes after birth in the same controlled environment. No more than 2 pups per litter were used to prevent litter effects. Afterwards, the pups were randomly cross-fostered to surrogate dams, each surrogate mother receiving 10 pups. Four groups of animals were used: FA, SPA, fetal asphyxia combined with severe perinatal asphyxia (FA+SPA) and control. Body weight of the pups was measured on P0 and P8 or P15, respectively.
Vascular reactivity studies
Common carotid arteries from P4 pups were isolated and kept in Krebs-Ringer bicarbonate (KRB) solution (in mmol/L: NaCl 118.5, MgSO4 * 7 H2O 1.2, KH2PO4 1.2, NaHCO3 25.0, KCl 4.7, CaCl 2.5 and glucose monohydrate 5.5). Rings of +/-2mm in length were mounted between an isometric force transducer (Kistler Morce DSC 6, Seattle, U.S.A.) and a displacement device in a myograph (model 610M, Danish Myotechnology, Aarhus, Denmark) using two stainless steel wires (diameter 40 µm). During mounting and experimentation, the KRB buffer was maintained at 37°C and aerated with 21% O2-74% N2-5% CO2. Artery rings were normalized to a resting pretension corresponding to an intraluminal pressure of 55mmHg. Pilot experiments showed that at this initial passive tension the vessels developed maximal contraction in response to 62.5 mM K+.
Vascular responses to K+ (62,5mM), the thromboxane A2 mimetic U46619 (0.1 microM), the adrenergic receptor agonist norepinephrine (NE, 0.1-100 microM), the endothelium-dependent vasodilator acetylcholine (ACh 0.1-100 microM), the NO-donor sodium nitroprusside (SNP, 0.1-100 microM), the adenylate cyclase stimulator forskolin (0.1-10 microM), and acute hypoxia were studied. For the study of the responsiveness to ACh, SNP, and hypoxia vessels were pre-contracted with U46619 (0.1 microM). Hypoxia was induced by switching the bubbling gas mixture from 21% O2-74% N2-5% CO2 (pO2 17 ± 1 kPa) to 95% N2-5% CO2 (pO2 2.3 ± 0.4 kPa), as previously described (16).
Evaluation of apoptotic cell death
On P8, pups were anesthetized and perfused intracardially by fixative containing 4% paraformaldehyde. Right hemispheres were entirely cut to serial, 30microm-thick coronal cryostate sections. Sections were dried, defatted with a Triton-X100 solution and stained with cresyl violet. Volumes estimates of the striatum and prefrontal cortex were calculated according to the Cavalieri's principle (17) . This principle gives an unbiased estimate of the volume of the region of interest by multiplying the sum of the profile areas on all sections with the distance between the sections. The prefrontal cortex and the striatum were delineated as previously described by Kantor et al. (18) by their anatomical landmarks according to Paxinos and Watson (19) . Tracing was carried out with a stereology workstation and StereoInvestigator software (MicroBrightField, Williston, VT). Left hemispheres were cut into serial, 16microm-thick coronal cryostate sections and cell death was identified by a terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling (TUNEL) staining, as described before by Van de Berg et al (20) . Briefly, sections were permeabilized by methacarn and then labeled with the reaction mixture in a humidified box at 37°C for 1.5h. This reaction mixture consisted of 0.1microl TdT (400U/microl); 1microl cobalt chloride (2.5 mM); 2microl TdT reaction buffer; 0.4microl biotin-dUTP (2 nM); 6.5microl MilliQ (Roche Diagnostics Nederland B.V., Almere, Netherlands). The reaction was stopped by placing the slides in 4x standard saline citrate buffer. Next, streptavidin-Alexa 594 (1:2000 dilution; for 60 min at RT, Sigma, The Netherlands) was used to visualize nuclei labeled with biotinylated dUTP. Sections were counterstained with Hoechst 33342 (1:500 dilution; 30 min at RT; Sigma, The Netherlands). The procedure was finished by washing and enclosure with TBS:glycerol (1:3). TUNEL-positive cells were counted in the two regions of interest (striatum and prefrontal cortex), using the counting method described by Van de Berg et al. (20) . To detect the presence of positive cells, all slices were examined at a magnification 40x with an Olympus AX-70 microscope. Every TUNEL-positive cell, characterized by its intense red staining, was double-checked with the Hoechst 33342 staining to seen whether that particular cell was highly pyknotic and whether the nucleus was fragmented.
Statistical analysis
Results are shown as means (SD) of measurements in n animals. For clarity, results in the figures are shown as means +/-SE. Vascular contractions are expressed in terms of active wall tension (N/m), calculated as the force divided by twice the length of the arterial segment, while the relaxant responses are expressed as the percentage of reduction of the contraction induced by U46619. Sensitivity (expressed as pD2= -log EC50) and maximal response (Emax) to agonists was determined for each artery by fitting individual concentration-response data to a non-linear sigmoidal regression curve (Graphpad Prism version 5.01; GraphPad Software Inc, San Diego, U.S.A.). Apoptotic cell death results are expressed in terms of mean total number of TUNEL-positive cells per area as well as density of TUNEL-positive cells per area. Qualitative variables were compared using the Fisher exact test and continuous variables through analysis of variance (ANOVA) followed by a Bonferroni post hoc test. Differences were considered to be significant if P<0.05. All calculations were done using the Statistical Package for the Social Sciences (SPSS 15.0 software).
RESULTS

Survival
55% of the SPA animals died at birth, while none of the FA or control animals died. When the pups had a prenatal HI exposure before being exposed to a perinatal insult, fewer animals died (FA+SPA= 36%). This difference in mortality rate between the SPA and the FA+SPA did not reach statistical significance (p=0.107; N=243 pups and 25 dams). Moreover, a few pups died in the period between P0 and P15. These differences were, however, not significant. It is also important to note that none of the fetuses died intrauterinely in the period between the FA insult at E17 and birth.
Somatic growth
The mean birth weight of the pups which underwent FA, i.e. both the FA and FA+SPA groups, was significantly lower than that of the pups that did not undergo the insult (-7.3%; p=0.044) ( Figure 1A ). Body weights were also measured throughout the course of the study, on P8 and P15 ( Figure 1B) . The decrease in birth weight following FA, seen on P0, had completely disappeared on P8. On that time point, however, the SPA pups showed a significant growth retardation in comparison to the other groups (FA versus FA+SPA; -5.6%; p=0.048).
Reactivity of carotid arteries
Potassium (62,5 mM) and U46619 (0.1 microM) induced tonic contractions in neonatal carotid arteries To asses whether this hyporesponsiveness to NE was an age-related feature, we performed concentration-response curves to NE in carotid arteries from adult rats (18-wk-old) and observed a high contractile potency and efficacy of the adrenergic agonist ( Figure 2B and 2C Acute hypoxia relaxed U46619-induced contraction ( Figure 3D ).
The maximal relaxations observed after 10 minutes of hypoxia were not significantly different in the four groups (control: 28.99%, SD 22.75; FA: 65.28, SD 79.68; SPA: 16.13, SD 57.31, FA + SPA: 32.30, SD 39.73). Also when the relaxation induced by 10 min of hypoxia was expressed as area above the curve (corrected for the U46619-induced contraction) no significant differences among the four groups were observed ( Figure 3E ).
Apoptotic cell death (TUNEL)
No gross morphological changes were seen in the brain of asphyctic pups compared with control pups 8 days after delivery. Typical apoptotic morphological changes like condensation, shrinkage and fragmentation were found in all four groups and were visible with both the TUNEL and the Hoechst staining (Figure 4) . TUNEL stained cells were mainly found in the area surrounding the lateral ventricle and the corpus callosum and in the dorsal part of the striatum. They mostly lay together in clusters, showing a patchy pattern. Figure 5 summarizes the results of the quantitative analysis of the TUNEL stained cells and the volume estimates in the striatum and prefrontal cortex. Two-way ANOVA analysis revealed no significant changes in either striatal or prefrontal cortex volume between groups ( Figures 5B and 5E ). Two-way ANOVA analysis also revealed a significant increase in the total number of apoptotic cells due to a FA insult (FA and FA+SPA group) in both areas investigated (p=0.03 and p=0.04, respectively). However, post-hoc Bonferroni testing did not detect any significant differences between the FA and FA+SPA groups and the control group ( Figures 5A and Figure 3 . A-C: Concentration-dependent relaxant effects of the endothelium-dependent vasodilator acetylcholine (ACh, A), the NO-donor sodium nitroprusside (SNP B), and the adenylate cyclase stimulator forskolin (C) in neonatal (P4) carotid arteries precontracted with U46619 (0.1 microM). The maximal relaxation induced by ACh was significantly higher (*P<0.05) in the FA group than in the control (CON) and the FA+SPA groups. D: Representative tracing showing the effects of a 10 min hypoxic challenge (switching the gas mixture in the organ chamber from 21% O2-74% N2-5% CO2 to 95% N2-5% CO2) in a neonatal carotid artery pre-contracted with U46619 (0.1 microM) . E: Summary of the relaxant responses to acute hypoxia (expressed as area above the curve, AAC) in the four experimental groups. 5D). In both striatum and prefrontal cortex, SPA also significantly increased the total number of apoptotic cells (two-way ANOVA: p=0.01 and p=0.02, respectively). This difference could be almost completely attributed to the SPA (Post-hoc Bonferroni; control vs SPA: p=0.01 and p=0.01, resp.; +127% and +133%, resp.), and not to FA+SPA group. Brains subjected to FA before undergoing SPA demonstrated a significant reduction in apoptotic cells in the striatum (Post-hoc Bonferroni; p<0.001; -46.4%) and prefrontal cortex (Post-hoc Bonferroni; p=0.003; -44%) compared to brains only subjected to SPA.
Taking into account both the data of the TUNELpositive cell counting and the volume measurements allowed us to estimate the density of apoptotic cells ( Figures 5C and 5F ). FA caused a small increase in the mean density of apoptotic cells in the striatum and the prefrontal cortex (Two-way ANOVA: p=0.02 and p=0.04, resp.). However, post-hoc Bonferroni analysis did not find any significant differences between the FA group and the control group. Two-way ANOVA also revealed a significant increase in the mean density of apoptotic cells due to SPA in both areas (p<0.001 and p=0.003, resp.), which could be almost entirely ascribed to the SPA group (Post-hoc Bonferroni; control vs SPA: p<0.001 and p<0.001, resp.; +138% and +166%). Moreover, post-hoc testing demonstrated that the mean density of apoptotic cells in the FA+SPA group was significantly lower than in the SPA group in the striatum (p<0.001; -33%) as well as the prefrontal cortex (p=0.007 ; -47%).
DISCUSSION
Asphyxia during development is a major cause of neonatal mortality and of lifelong neurological disabilities among survivors. Although recent evidence suggests that moderate hypothermia (core temperature 33-34°C for 72 hours) improves the outcome of term newborns that suffered from moderate post-asphyctic encephalopathy (21) , there are still no other clinically proven neuroprotective agents available for these newborns. Revealing the mechanisms behind HI preconditioning and tolerance could therefore be an important step towards an effective therapy. We aimed to determine whether a fetal asphyctic insult protects against a subsequent more severe perinatal asphyctic insult. Both insults used are global events that are associated with both systemic metabolic and hemodynamic changes in the fetus that may influence the outcome of the animal. These changes mimic the global and pathophysiological conditions of asphyxia induced before and during birth. Therefore, they reflect the clinical situation more closely than stroke insults. In the present study, we evaluated the effects of this novel model of preconditioning on carotid vascular reactivity and cerebral apoptotic cell death.
Vascular reactivity studies
Following severe perinatal asphyxia the autoregulatory ability of the neonatal cerebral vascular bed is impaired (22, 23) . We aimed to analyze whether this impairment was reflected in alterations of neonatal carotid arteries reactivity. The carotid arteries play an important role in responses to hypoxia, particularly in the fetal and neonatal period, where the regulatory capacity of the small cerebral arteries is functionally immature (24) . We have observed that neonatal (P4) rat carotid arteries are sensitive to receptor-independent (high K+) and -dependent (U46619) contractile agonists as well as to endotheliumdependent (ACh) and -independent (SNP and forskolin) relaxant agonists. Moreover, carotid responsiveness to acute hypoxia was also present at this age. Interestingly, the P4 carotid arteries did not respond to the adrenergic agonist NE, which was a potent contractile agent in the adult carotid arteries.
The switch from the proliferative to the mature contractile vascular phenotype is an important developmental event whose timing appears to be vessel and species specific (25) (26) (27) . This process include maturational changes in contractile proteins, ion channels, endothelial cell function, vessel wall growth and receptor expression. In rodents an important part of these maturational changes appears to occur postnatally (25) , whereas it begins before birth in sheep (26) . Accordingly, several studies demonstrated adrenergic-mediated contractions in isolated carotid arteries from fetal and neonatal lambs (26, 28) (29) . In fetal and neonatal rat carotid arteries, mounted in a pressurized myograph system, adrenergic agonists induced some reduction in lumen diameter (30, 31) . However our present data indicate that these diameter changes are probably not accompanied by a significant increase in carotid wall tension. In contrast, the vascular contractile machinery was mature to respond to non-adrenergic agonists. Fetal and perinatal asphyxia are stressors that elicit integrated cardiovascular and endocrine responses producing a redistribution of the combined ventricular output in favor of the adrenal, myocardial, and cerebral circulations (32) . Rat and lamb models are the most frequently used in the study of the pathophysiology of fetal and perinatal asphyxia. The differential maturation in vascular responsiveness between the two species, particularly in adrenergic responsiveness, should be taken into account when interpreting the flow redistribution response induced by asphyxia.
When we analyzed the effects of fetal and perinatal asphyxia on carotid reactivity, we observed a reduced receptor-independent contraction in the SPA group and an increased endothelium-dependent relaxation in the FA group. A similar trend, although not significant, toward increased endothelium-dependent relaxation was observed in the SPA group. Interestingly, when the animals were exposed to fetal and perinatal asphyxia, carotid artery responsiveness was similar to the observed in the control group. These findings indicate that functional changes occur in neonatal vascular reactivity following asphyxia, a result that may significantly influence asphyctic damage by altering blood flow to the brain. Endothelium-derived nitric oxide (NO) plays an important role in the autoregulation of cerebral circulation and numerous experimental evidences indicate its involvement in post HI brain injury (22, (33) (34) (35) (36) (37) (38) . Excessive NO production leads to damage to the cerebral microcirculation and directly to brain tissue (33, 38, 39) . In addition, immediate postischemic cerebral hyperperfusion appears to be mediated, at least partially, by increased NO production and postischemic reperfusion damage to the brain can be reduced by NO synthase blockade (22, (34) (35) (36) (37) . Our present data suggest that exposure to fetal asphyxia-induced preconditioning might modulate the NO regulatory ability on post HI cerebral blood flow.
Apoptotic cell death
To evaluate the putative brain protective effect of fetal asphyctic preconditioning, the number of apoptotic cells was analyzed in the striatum and prefrontal cortex of 8-day-old rat pups, using a TUNEL staining. The TUNEL method detects nuclear DNA fragmentation in cells. Although fragmentation is a pattern typical of apoptosis, it can also occur, to a lesser extent, in necrotic cells. As a consequence, TUNEL can sometime also stain necrotic cells. Because each stained cell was analyzed for apoptotic traits like nuclear fragmentation and a pyknotic nucleus with a Hoechst staining, we assume that the majority of counted cells were apoptotic.
Only a few apoptotic cells were found in the control and FA group. This kind of apoptosis probably represents naturally occurring developmental cell death. The SPA group showed a substantial increase in TUNELpositive cells in both the striatum and prefrontal cortex. Pups that underwent FA before being subjected to SPA had significantly less apoptotic cells than pups that did not undergo FA, suggesting a protective effect. Their number of apoptotic cells was similar to that of the control and FA groups. Since the results were similar for both areas investigated (i.e. prefrontal cortex and striatum), it seems that both the damage and the protection represent a global effect. Another important finding of this study is that the SPA group showed a growth retardation which was absent in the FA+SPA group. Since the FA insult was global, this protection may include protective effects of many organs and systems, such as the heart and the arteriovenous system. This awaits further research though.
Although this study is the first to look at HI preconditioning in a global asphyxia model, our current findings are consistent with cell protection by HI preconditioning against focal HI injury (i.e. stroke models). Cantagrel et al. found that exposure of the pregnant dam to a hypoxic gas mixture (8%O2/92%N2) causes a reduction in the number of apoptotic cells in the striatum, hippocampus and cortex 24h and 48h after right carotid ligation on postnatal day 7 (Rice-Vannucci model) (40) . In the same rat model, Zhao et al. demonstrated that newborns subjected to a sublethal prenatal asphyxia show lower mortality rates, less brain tissue damage, less neuronal loss and fewer caspase-3 positive cells after stroke (41) . Similarly, Cai et al. demonstrated that a prenatal HI insult, achieved by clamping the ovarian and uterine arteries for 30 min, also reduces the brain infarct size and neuronal injury induced by the Rice-Vannucci model (12) .
An important remark to be made is that the neuroprotective effects induced by fetal asphyxia in this study may be partly due to the anesthetics (i.e. isoflurane). Kersten et al. reported that isoflurane can mimic the protecting effects of preconditioning in the rat myocardium, while Kapinya et al showed that isoflurane induces prolonged protection against cerebral ischemia (42, 43) . Moreover, Caesarean section per se induces specific neurobehavioral alterations with respect to, for example, response to stress. Furthermore, the addition of a period of asphyxia worsens some of the behavioral changes produced by C-sections alone. Consequently, isoflurane and Csection can possibly influence the results of apoptotic cell counts. For that reason, it is important to include vaginallydelivered as well as SHAM-operated control animals in further studies.
Final remarks
Animals exposed to a brief period of global FA seem to be protected against the vascular alterations and the increased apoptotic cell death in striatum and prefrontal cortex, following SPA 4 days later. This FA preconditioning is most likely the result of the delayed phase of neuroprotection, which requires new protein synthesis and gene expression. This anti-apoptotic effect probably involves several molecules, as described above, that are induced and regulated as part of a complex. To imply the role of these molecules in FA-induced tolerance, further experiments are required. Identifying these mechanisms could provide rational targets for future pharmacological intervention. 
